Objective: The purpose of this study was to investigate how young normal-hearing (YNH) and elderly hearing-impaired (EHI) listeners make use of redundant speech-like cues when classifying nonspeech sounds having multiple stimulus dimensions.
INTRODUCTION
Many sounds a listener encounters in everyday listening contain multiple, often redundant, acoustic cues. In the past half century, for instance, researchers have discovered that many acoustic cues, including static and dynamic frequency and intensity cues, contribute to the perception of different classes of speech sounds (e.g., Dorman & Loizou, 1996; Liberman et al., 1954; Lisker, 1986; Nearey, 1989; Stevens & Blumstein, 1978) . Likewise, other researchers have identified multiple cues that enable the identification of other complex, acoustic stimuli, such as environmental sounds (e.g., Ballas, 1993; Gygi et al., 2004) . The way in which the listener makes use of multiple acoustic cues when processing many naturally occurring sounds can be considered a fundamental aspect of auditory processing. For example, Francis et al. (2000) demonstrated that, even though redundant acoustic cues may be available acoustically for the categorization of stop consonants, listeners tended to base their categorization responses primarily on one (and the same) acoustic cue.
In the context of speech perception, the phonetic trading relation theory proposed by Repp (1982) indicated that, when multiple cues signal the same percept, strengthening one of them could offset the weakening of another. As people age, it is well known that many of them develop a high-frequency sensorineural hearing loss (e.g., Corso, 1963; Moscicki et al., 1985; Spoor, 1967; Wiley et al., 1998) , which essentially serves to low-pass filter conversationallevel speech stimuli for the older listeners. Agerelated hearing loss progresses over many years and often 10 to 15 yrs pass before an older person seeks help for the hearing loss (Gianopoulos and Stephens, 2005) . As a result, it is reasonable to ask whether long-term high-frequency hearing loss will lead older listeners to weight certain cues in complex, multidimensional acoustic stimuli differently from young listeners with normal hearing when the audibility of the higher frequencies has been restored.
For speech, there is some evidence to support the notion that older listeners with impaired hearing focus on cues which differ from those preferred by listeners with normal hearing. Lindholm et al. (1988) , for example, investigated how young normalhearing (YNH) listeners and older listeners with mild-to-moderate sensorineural hearing loss identified stop-consonant place of articulation by using 18 synthesized CV syllables which contained three acoustic cues (formant transition, spectral tilt, and abruptness of frequency change). They found that compared to normal-hearing young adults, older hearing-impaired listeners relied more on spectral tilt and abruptness of frequency change than younger normal-hearing listeners, which suggests that temporal characteristics and gross spectral shape provided more information to the older hearing-impaired listeners in the perception of stop consonants. On the other hand, YNH listeners primarily relied on the frequency transition cue.
Elderly hearing-impaired (EHI) listeners have also been found to place more weight on temporal cues rather than spectral cues in stop consonant place of articulation identification in both unaided and aided situations. Hedrick and Younger (2001) , for example, examined how YNH listeners and older listeners with mild-to-moderate sensorineural hearing loss weighted two available consonant cues: onset frequency of the second and third formant (F2/F3) transition and the consonant-to-vowel ratio (CVR) measured between the amplitude of the consonant burst and that of the after vowel in the F4/F5 frequency region. These cues were contained both in unaided synthetic CV syllables and in the same stimuli processed by a K-amp amplitude-compression circuit. They found that normal-hearing listeners placed more weight on the frequency transition cue for processed stimuli than for unprocessed stimuli. However, older hearing-impaired listeners, who originally weighted the CVR cue more than the frequency transition cue with unprocessed stimuli, weighted the CVR cue even more heavily with processed stimuli. The results suggested that the two populations weighted the available cues differently, especially in the aided situation. Relative to the frequency transition cue, CVR may be a more important cue for older hearing-impaired listeners for a stop consonant place of articulation identification test. A more recent study completed by Hedrick and Younger (2007) confirmed their previous finding. They further discovered that the weightings of those two cues for voiceless stop consonants depend on factors such as listening conditions (quiet, noise, and reverberation), hearing loss, and age. In summary, these research findings on a limited set of CV speech stimuli suggest that older hearing-impaired listeners weight some of the multiple cues available for syllable identification differently than younger adults with normal hearing.
Despite the wide application of synthetic speech in the study of acoustic cues, use of nonmeaningful, complex, multidimensional stimuli provides unique advantages compared to speech. It not only enables the construction of novel stimuli having unique stimulus dimensions, but also enables the study of the acquisition of learned categorization or classification by younger and older adults (Christensen & Humes, 1997; Holt & Lotto, 2006) . For example, Christensen and Humes (1997) examined how YNH listeners made use of speech-like cues in stimuli with multiple acoustic dimensions. Stimuli were comprised of a sequence of two brief noise bursts having three stimulus dimensions or cues including a static spectral cue (center frequency of a frication noise), a dynamic spectral cue (the extent of frequency transition in a formant resonance running through the second of two noise bursts), and a temporal cue (the duration of a silent gap between the two noise bursts). They found that the pattern of classification responses for most of the YNH listeners reflected a greater weighting of the frequencytransition dimension. Others have also constructed artificial, complex, multidimensional sounds to study the contributions of each dimension to the ability of YNH listeners to classify or categorize the stimuli (Holt & Lotto, 2006) . Christensen and Humes (1997) also demonstrated that it was quite easy for YNH listeners to shift their attentional weights to other, nonpreferred, redundant stimulus dimensions with minimal amounts of training.
As a follow-up to the Christensen and Humes (1997) study, in this study we examined how EHI listeners made use of multiple speech-like cues in stimuli similar to those used in Christensen and Humes (1997) study. Because of their hearing loss, typically developing over a period of several years, EHI listeners might weight some stimulus dimensions differently than YNH listeners. Specifically, because of the degradation or loss of the highfrequency spectral cue from the high-frequency sensorineural hearing loss, the EHI listeners might give primacy to other cues, such as temporal cues (e.g., Repp, 1982) . If this is true, then we would expect to see different cue weighting strategies between the two populations.
In addition, the plasticity of the aged brain will be examined in this study by training older listeners to shift their attention from one stimulus dimension to another. If the older adults are trainable, they should be able to shift their attention from one cue dimen-sion to another, the same as the YNH listeners (Christensen and Humes, 1997) . Furthermore, because elderly people, regardless their hearing status, often experience general cognitive declines (e.g., Sommers, 2005) , we may see a difference in terms of the time course of initial category learning and in subsequently learning to shift weighting from one dimension of the stimuli to another.
Finally, spectral shaping, similar to the shaping provided by a well-fit hearing aid, will be applied to the stimuli to ensure full audibility of each dimension. The questions of interest here were, once audibility has been restored, are there differences in cue weighting between YNH adults and older hearing-impaired adults, as well as in the time required to learn these categories? There was little doubt that inaudible cues would receive no attention from the elderly listeners. We were most interested in how the groups would differ once audibility had been restored for the older adults with impaired hearing.
There were a total of four experiments in this study. The first two experiments were necessitated by the fact that the stimuli used here differed somewhat from those used previously by Christensen and Humes (1997) due, in part, to the need to ensure audibility of the high-frequency portions of the stimuli. The first experiment measured the ability of the participants to discriminate stimuli differing by one step along each of the three stimulus dimensions. If participants could not perform this discrimination task readily, after a minimum amount of training, they could not continue into the remaining experiments. The second experiment made use of similarity ratings and multidimensional scaling (MDS) to establish that the three acoustic dimensions were mapped to three largely independent perceptual dimensions. In the third experiment, the participants learned to classify three exemplar stimuli comprised of three redundant cue dimensions and, once capable of classifying these exemplars with 90% accuracy, were asked to classify the full set of 27 stimuli generated by all combinations of the three stimulus values along each of the three stimulus dimensions. It was in this experiment that the attentional weights given to each stimulus dimension by the listener were generated. Finally, in the fourth experiment, once the listener's weights had been derived in experiment 3, the ability to shift the attentional weights to a new stimulus dimension was examined. Additional details for each experiment are provided below. We begin with a description of general methods applicable to the entire study and then present the methods and results for each experiment in turn.
GENERAL METHODS

Participants
Two groups of native English speakers who differed in age and hearing loss participated in this study: (1) YNH listeners; and (2) EHI listeners. There were 11 YNH listeners between the ages of 19 and 27 yrs (M ϭ 22 yrs) with 1 male and 10 women in this group. A total of 10 YNH participants finished the whole experiment and partial data are available from one participant who withdrew from the study after completing about 95% of the study. There were 12 EHI participants between the ages of 66 and 79 yrs (M ϭ 72 yrs) with 6 men and 6 women in this group. Three of them, two men and one female, had been using hearing aids for both ears for about one to 3 yrs before entering the study. A total of 16 EHI participants had enrolled in this study, but three could not achieve the criterion performance level for the initial discrimination task and one dropped out of this study for personal reasons before completing the initial set of discrimination measurements.
All YNH participants had pure-tone air-conduction thresholds of less than or equal to 20 dB HL at octave frequencies from 250 to 8000 Hz (ANSI, 1996) bilaterally. All EHI participants had bilateral sloping sensorineural hearing loss of less than 65 dB HL at octave frequencies from 500 to 3000 Hz to ensure a Ն10 dB sensation level for the stimuli at each octave frequency. The right ear was chosen as the test ear. The audiogram for the test ear of each EHI participant is illustrated in Figure 1 . 
Stimuli
Twenty-seven stimuli, representing all possible combinations of three stimulus values along three cue dimensions, were developed using the Klatt speech-synthesis software (Klatt & Klatt, 1990) . Stimuli were patterned after those used by Christensen and Humes (1997) , but several parameters were varied. First, the specific version of the Klatt synthesizer used in this study differed from that used previously by Christensen and Humes (1997) and some of the parameters available differed slightly across versions. Second, frication noise center frequency was increased from around 1650 to 2250 Hz (600 Hz on average) to move this cue to a frequency region for which most of the EHI participants had sensorineural hearing loss (See Fig. 1 ). We assumed that it might be less likely for participants to pay attention to spectral cues within this frequency range because of the inaudibility of sounds in this frequency region over a period of many years. Third, pilot data showed that, EHI participants could not easily [Percent correct, P(c) Ն90%] discriminate the temporal-gap and frequency-transition cues when the same set of the stimuli in Christensen and Humes (1997) was used. Therefore, the temporal gap cue was increased slightly and endpoint of the relative frequency transition was enhanced considerably to make these cue dimensions more salient and easier for EHI participants to discriminate. Finally, the duration of the second noise burst in this study was doubled (from 100 to 200 ms) for the same reasons. The synthesizer parameter values for the final stimuli are shown in Table 1 . It should be noted that there was no attempt to make the stimuli too speech-like in values along each cue dimension or it would begin to sound like speech. The duration of the temporal gap, the extent of the frequency transition and the center frequencies of the frication noise were selected to generally approximate those values encountered in speech, but did not mimic the acoustic properties of any specific speech sounds closely.
The stimuli each contained one 100-ms frication noise burst which was separated by a temporal gap (silent interval) from a second frication noise burst that was 200-ms in duration. In addition, the second burst differed from the first one by having a formant-frequency transition throughout. A total of three cue dimensions were available in each stimulus. These dimensions were: (1) the center frequency of the frication noise; (2) the temporal gap between the two frication noise bursts; and (3) endpoint of the frequency transition in the second frication noise burst. The three values (small, medium, and large) along each of the three stimulus dimensions were 2000, 2250, and 2500 Hz for center frequency of the frication noise, 10, 70, and 130 ms for temporal gap, and 1500, 2250, and 3000 Hz for endpoint of the frequency transition, respectively. Each dimension could take one of the three possible values for a given stimulus. Another low-frequency bandpassfiltered noise (500 to 1000 Hz), which only represented the temporal gap cue, was created and added to each stimulus to ensure that the temporal gap cue would be available in both low-and high-frequency regions. The reason for adding this low-frequency temporal gap cue was to make this cue a broadband temporal cue that was available to the listener in both the near-normal-hearing low-frequency region and the high-frequency region with cochlear pathology. Three exemplar stimuli using the smallest, middle, and largest values in each of the three cue dimensions are illustrated schematically in Figure. 2. The top panel represents the stimulus with the lowest values on the center frequency of the 1000-Hz wide frication noise burst (center frequency ϭ 2000 Hz), lowest values on the endpoint of the frequency transition in the second frication noise burst (frequency transition ϭ 1500-Hz endpoint, or Ϫ500 Hz frequency transition), and smallest temporal gap between the first and second noise burst (temporal gap ϭ 10 ms). The middle panel represents the stimulus with the medium values on the three dimensions (center frequency ϭ 2250 Hz, frequency transition ϭ 2250-Hz endpoint, or 0 Hz frequency transition, and temporal gap ϭ 70 ms). The bottom panel represents the stimulus with the highest or largest values on all three dimensions (center frequency ϭ 2500 Hz, frequency transition ϭ 3000-Hz endpoint, or ϩ500 Hz frequency transition, temporal gap ϭ 130 ms).
It should be noted that the labels for each stimulus dimension (noise center frequency, frequency transition endpoint, and temporal gap duration) are the nominal labels for each of the three dimensions. For example, since the durations of the first and second frication noise bursts were fixed at 100 and 200 ms, respectively, increasing temporal gap size also increased overall duration from stimulus onset to offset. In either case, however, this is a temporal cue. Similarly, endpoint frequency for the transition could also be defined as the direction and extent of the relative frequency transition (Ϫ500, 0, and ϩ500 Hz, respectively). Regardless, this comprises a dynamic spectral cue. Finally, because the bandwidth of the frication noise was fixed at 1000 Hz throughout, the nominal stimulus-dimension label of noise center frequency could easily be labeled as the upper or lower frequency of the noise band. Regardless, this cue represents a static spectral cue confined to the higher frequencies.
All stimuli were equated for rms amplitude after synthesis. Then, spectral shaping was applied to ensure the audibility of the high-frequency part of the stimuli for EHI participants with varying degrees of sloping high-frequency sensorineural hearing loss (see Fig. 1 ). The amplitude at 1250, 1600, 2000, 2500, and 3150 Hz was increased by 4, 8, 12, 16, and 20 dB, respectively, approximating the gain that would be provided by various hearing-aid gainprescription formulas (Humes, 1991) . After the spectral shaping, all 27 stimuli were re-equalized in amplitude and were bandpass-filtered from 1500 to 3000 Hz, the frequency region in which the frequency transition and center frequency cues were located. Finally, to make the temporal-gap cue available over a broader range of frequencies, low-frequency bandpass-filtered noises (500 to 1000 Hz), which only contained the temporal gap cue, were created and added to the stimuli. The amplitude of the low-frequency bandpass-filtered noise was about 15 to 18 dB lower than the peak value of the stimuli to minimize upward spread of masking. Therefore, in the final stimuli, the frequency transition cue and the center frequency cue were available only in the high frequencies. The temporal gap cue, however, was available at both low and high frequencies.
To calibrate the sound pressure level of the 27 stimuli, we created one 2-s calibration noise CalMin, which matched the minimum amplitudes of the fast Fourier transform spectra across all 27 stimuli, using Adobe Audition 1.5. After the calibration stimulus was created, the overall (linear) and one-third octave band levels in dB SPL were measured, the latter at center frequencies from 125 through 8000 Hz, using a Larson-Davis model 800 sound level meter. The calibration sounds were measured in a 2-cm 3 coupler, the same reference point used for the calibration of dB HL for the threshold measurements. For the entire set of 27 stimuli, the maximum and minimum overall levels for the stimuli were 106 and 91.4 dB SPL, respectively. The 1/3-octave-band sound pressure levels of the calibration noise and the average hearing threshold for both YNH and EHI participants can be seen in Figure 3 . The latter are based on the assumption that thresholds for pure tones and for 1/3-octave-band noises in hearing-impaired listeners are equivalent (Cox & McDaniel, 1986) . Although the stimuli were equated for rms amplitude after spectral shaping and filtering, the shaping needed to ensure audibility had differential effects on the amplitudes of the 27 stimuli. Basically, those stimuli with higher center frequencies and higher frequency transition endpoints had greater amplitudes than those with lower values on each of these dimensions. To minimize the use of this covarying amplitude cue, attenuation varying from 0 to 10 dB was randomly added to all stimuli across intervals of a trial (i.e., intensity was roved). Therefore, from interval to interval, the overall sound level could vary from a low of 81.4 dB SPL to a high of 106 dB SPL, depending on the specific stimulus selected and the random attenua- Fig. 3 . Comparison between shaped stimuli and thresholds for both EHI and YNH groups. The x axis presents the 1/3 OCT frequency from 125 Hz to 8000 Hz. The y axis presents the corresponding amplitude in dB SPL in each 1/3 OCT frequency. The top curve, "CalMin" (filled circles), is the calibration noise matching the trough amplitude across all 27 stimuli. The other three curves from top to bottom are "Maximum EHI threshold" (unfilled circles), the worst threshold across all EHI participants; the "Average EHI threshold" (filled triangles) and the "Average YNH threshold" (unfilled triangles), respectively. tion setting. From Figure 3 , we can see that the minimum amplitudes across the 27 stimuli (CalMin) were at least 30 dB sensation level for the average EHI participants threshold from 500 to 3000 Hz. This meant that, even with the extreme amount of amplitude roving possible (Ϫ10 dB), the minimum amplitudes across the 27 stimuli would still be at least 15 to 20 dB above threshold for the EHI listeners. Similarly, all stimuli were at or above threshold even for the EHI participants with the worst thresholds (Maximum EHI threshold) from 500 to 3000 Hz and the extreme amount of amplitude roving (Ϫ10 dB).
Procedures
All EHI participants passed the Mini-Mental State Exam, a screening test of cognitive function, with a Mini-Mental State Exam score of at least 27 of 30 (Folstein et al., 1975) . All testing was completed in a single-walled sound booth having attenuation characteristics compatible with ears-covered threshold measurements (ANSI, 1991) . Participants were seated in front of the computer monitors and oral instructions were given before the test started. The stimuli were delivered through ER-3A insert earphones.
Listeners participated in several 1-to 2-hr sessions each week for 4 to 8 wks. On average, YNH subjects needed about 11 sessions to complete the whole project. EHI subjects, on the other hand, showed a much wider variation in terms of the sessions needed (11 to 33). Participants were paid for their participation.
EXPERIMENT 1: DISCRIMINATION OF ADJACENT STIMULUS PAIRS Method
Discrimination of stimuli along each stimulus dimension was measured using a modified twoalternative-forced-choice paradigm (2AFC). Three stimuli were presented per trial with the first sound as the standard and the other sounds being either the same or different from the standard sound. Participants were required to listen to all three stimuli then indicate which of the two sounds after the standard differed from the standard sound by clicking on the "First" or "Second" button on the computer screen. All of the 27 stimuli were paired by the target dimension, the dimension that participants were required to discriminate in each session, and the adjacent values (i.e., smallest to middle, or middle to largest) along each target dimension. For instance, gp12 means the smallest and middle value along temporal gap dimension were compared. The adjacent values along each dimension were compared while the context (other two dimensions, each taking one of the three possible values) was varied randomly from trial to trial. To balance the order, the adjacent values were compared twice. For example, for discrimination of the stimuli differing in temporal gap, the stimuli with the smallest temporal gap served as the standard stimulus and the comparison stimulus included those stimuli with the middle temporal gap. In another block involving this pairing of the smallest and medium temporal gaps, stimuli with the medium gap served as the standard and the comparison stimulus had the smallest temporal gap. In total, there were 12 pairs of discrimination measurements (3 dimensions ϫ 2 values ϫ 2 orders), namely, fn12, fn21, fn23, fn32, gp12, gp21, gp23, gp32, tr12, tr21, tr23, and tr32, in which "fn" stood for center frequency of the frication noise, "gp" stood for temporal gap and "tr" stood for frequency transition, respectively. In each pair of these discrimination measurements, there were a total of nine contexts (for example, 3 center frequencies ϫ 3 frequency transitions ϭ 9 contexts in the case of temporal-gap comparisons,) and each was presented eight times in random order for a total of 72 trials in a given block of discrimination trials. On a given discrimination trial, however, the context was fixed. Before measurement of discrimination performance, each participant received 27 trials of each discrimination pair as practice. Trial-by-trial feedback was provided during practice and the test sessions for the discrimination measurements. Participants were required to get 90% accuracy for each stimulus contrast before proceeding to experiment 2. If a participant failed to reach 90% accuracy for specific stimuli, the corresponding 27-trial training sessions were repeated, followed by another set of discrimination measurements.
Results and Discussion
All YNH and most of the EHI participants passed the discrimination test with an average accuracy of Ն90% for each stimulus pair after the training. Because of the limited number of prospective older participants and the relatively high difficulty of the task, two EHI participants who had minor difficulty (accuracy scores around 80%) in discriminating one or two (of the 12) stimulus pairs were retained as participants for this experiment. In general, YNH listeners required 2 to 6 sessions (M ϭ 5 hrs; SD ϭ 2 hrs) to complete the training for the discrimination task. EHI participants required 2 to 8 sessions (M ϭ 6.7 hrs; SD ϭ 2.6 hrs) to complete the training. Independent-sample t-tests showed there was no significant difference between YNH and EHI partic-ipants in terms of the training time required to reach the criterion performance level (t ϭ 1.87, p ϭ 0.08).
Percent-correct scores were transformed into rationalized arcsine units (Studebaker, 1985) Fig. 4 ). To examine the differences among the three cue types, a series of paired-sample t-tests were performed. Results showed that the frequency-transition cue was discriminated significantly better than temporal-gap cue (t ϭ Ϫ4.097, p ϭ 0.00); and temporal-gap cue was discriminated significantly better than center-frequency cue (t ϭ Ϫ2.261, p ϭ 0.03). Nonetheless, the data in Figure 4 indicate that the three cue dimensions could be easily discriminated (Ն90%) for both groups after a brief amount of training. Table 2 shows participants' final performance on the discrimination test. It is clear that the adjacent values in each of the three stimulus dimensions could be easily discriminated by both groups after a brief amount of training (Ն90%). Of course, if adjacent steps are easily discriminated, then the larger steps (between minimum and maximum values) can be assumed to be even more readily discriminated.
EXPERIMENT 2: SIMILARITY JUDGMENTS AND MULTIDIMENSIONAL SCALING Method
After the discrimination test and training, participants were required to make similarity judgments for all 351 possible pairings of the 27 stimuli. Two sets of measurements, with and without intensity rove, were obtained to evaluate the contribution of a potential intensity cue associated with the combination of spectral shaping and either of the two frequency-based cues (center frequency spectrum and frequency transition). Within each set, both orders of the comparison stimuli were used. No practice session was given. The pairs of stimuli were presented in random order. There was a 1-sec silent interval between the two stimuli comprising a given paired comparison. Participants were required to judge the similarity of the two sounds based on a nine-point scale. A rating of one indicated that the two sounds were very similar; a rating of nine indicated that the two sounds were very different. Participants were instructed to listen to the sounds and make the similarity judgment while ignoring the intensity differences between the two stimuli. The response consisted of a mouse click on a number (1 to 9) displayed on the computer monitor, followed by pressing the Enter key on the keyboard. Another pair of stimuli was then presented 1.5 sec after the response.
Results and Discussion
MDS (Kruskal & Wish, 1989 ) was used to analyze the similarity data from both YNH and EHI groups. MDS is a class of mathematical techniques which uncover the hidden structure of the raw data. It takes proximities, numbers indicating how similar any two objects are, as input, calculates the distances between those objects through certain mathematical algorithms (e.g., Euclidean, etc.), and then generates a spatial configuration or representation of the proximities as the output. Therefore, the more dissimilar the two objects are, as shown by their proximity value, the further apart they will be in the spatial representation and vice versa.
Recall that two sets of similarity ratings were obtained from all participants. One set without amplitude roving imposed and one set with amplitude roving across intervals. Therefore, two proximity matrices were generated for the data sets, one with and one without amplitude rove for each group. The proximity matrices were analyzed using the Alternating Least Squares Scaling (ALSCAL) MDS algorithm (Kruskal and Wish, 1989) . For both groups, a three-dimensional ALSCAL MDS solution provided the best fit for the data and their ALSCAL results for the two sets of similarity ratings were very similar (stress ϭ 0.11 to 0.12, r 2 ϭ 0.87 to 0.90) for rove and nonrove stimulus sets. Stress and r 2 are goodness of fit statistics which MDS attempts to optimize. The smaller the stress value, or the bigger the r 2 , the better the MDS fit. Because the results from both stimulus sets were very similar, the two data sets were pooled for analysis. Therefore, one proximity matrix was generated from the pooled similarity judgments for each group. Subsequent MDS analyses showed a three-dimensional ALSCAL MDS solution provided the best fit for the data. The corresponding stress and r 2 values were similar for both groups (YNH: stress ϭ 0.09, r 2 ϭ 0.91; EHI: stress ϭ 0.07, r 2 ϭ 0.95) and the three perceptual spaces for the two groups were nearly identical. As a result, the two proximity matrices from the YNH and EHI participant groups were pooled together to generate one average proximity matrix, representing the average similarity judgments from both groups, which was again analyzed using the ALSCAL algorithm. Results showed that a threedimensional ALSCAL MDS solution provided the best fit for the data with a stress value of 0.08 and r 2 value of 0.94. This result suggests that three separate stimulus dimensions exist not only physically, but also perceptually. Therefore, MDS analysis confirmed that the acoustical dimensions in the stimuli mapped to separate perceptual dimensions internally.
To better interpret the data, the original axes were rotated while the distances between points in the three-dimensional spaces remained unchanged. Three two-dimensional plots were generated after the rotation and these are shown in Figure 5 . From Figure 5 we can see that the perceptual dimensions discovered from the similarity judgments match the acoustical dimensions. For instance, from the top panel of Figure 5 , a plot of the temporal-gap dimension by the frequency-transition dimension, we can see that on the Temporal Gap axis, stimuli S1 to S9, which all have the smallest temporal gap (10 ms), are grouped together at the lower end of the axis (left column), whereas stimuli S10 to S18, which have the medium temporal gap (70 ms), are grouped in the middle column, and stimuli S19 to S27, which have the largest temporal gap (130 ms), are grouped at the high end (right column) of the axis. The same consistent mapping of acoustic dimensions to perceptual dimensions can be seen in the Frequency Transition axis for the top panel, as well as in the other two two-dimensional plots in Figure 5 (middle and bottom panels).
Individual MDS weights, which participants assigned to each cue dimension when they did the similarity judgments, were calculated by using the individual scaling (INDSCAL) MDS solution (Kruskal & Wish, 1989) for all participants. In Figure 6 , the distribution of individual weights is graphed for YNH and EHI participants for all three cue dimensions. For the YNH group, all participants, except participants 1, 2, and 3, distributed their weights across the three dimensions (INDSCAL weights are from 0.28 to 0.66). Participant 1, 2, and 3, however, allocated most of their attention (INDSCAL weights Ն0.7) to the centerfrequency dimension (INDSCAL weights are from 0.76 to 0.91). Similarly, for the EHI group, all participants except participants 1 and 2 distributed their weights across the three dimensions (IND-SCAL weights are from 0.32 to 0.65). Participants 1 and 2 directed most of their attention (INDSCAL weights are Ն0.7) to the center-frequency dimension. These results suggest that, at this stage in the testing, except for three YNH and two EHI participants who allocated more attention to center fre-quency, the bulk of the listeners in each group are distributing their attention across all three perceptual dimensions when judging the similarity of stimulus pairs. That is, except for those few participants noted in each group, no particular stimulus dimension dominates perceptually. This is true even though slight, but statistically significant, differences in discrimination performance were observed in the first experiment with the highest discrimination performance observed for the frequency-transition cue.
EXPERIMENT 3: IDENTIFICATION AND CLASSIFICATION OF STIMULI Method
In this experiment, participants were trained to identify and classify stimuli as circle (exemplar stimuli with lowest or smallest values along each of the three stimulus dimensions), triangle (exemplar stimuli with middle values along all three dimensions) and square (exemplar stimuli with highest or largest values along all three dimensions). First, a familiarization session was provided to make sure that participants understood what they were expected to do in this task. After one of the three exemplar stimuli was presented randomly, three buttons labeled as circle, triangle, and square were displayed on the computer screen. Participants were required to name the stimulus they just heard by clicking on one of the three buttons using the computer mouse. Immediate feedback was provided on each trial. After a participant clicked one of the three response buttons, a message appeared on the computer screen indicating "Your answer is correct", if the participant chose the correct answer or, if incorrect, "Your answer is incorrect. The correct answer is xxx". After the familiarization session, additional exemplar training was provided using the same identification task with feedback. Exemplar training continued until participants reached the criterion performance level (i.e., participants correctly identified all three exemplars with Ն90% accuracy). After participants reached the criterion performance level in the exemplar training, they were required to classify all 27 stimuli as circle, triangle, or square, using the rules for stimulus classification they learned in the exemplar training task, without any feedback. Brief refresher training was provided every time participants returned for a new test session to make sure that the criterion performance level for identification was maintained over time. Participants were required to classify a total of 80 repetitions for each of the 27 stimuli (a total of 2160 stimulus presentations) in random order. As in the previous tests, participants were instructed to ignore the intensity differences when they tried to identify and classify the stimuli.
Results and Discussion
All YNH and EHI participants reached 90% identification accuracy after the exemplar training. In general, YNH participants required one training session (75 trials), which took about 10 mins, to reach 90% accuracy. EHI participants, especially certain individuals, required much more training to identify the stimuli correctly 90% of the time. On average, EHI listeners required 1.2 hrs (SD ϭ 1.3 hrs) to reach 90% accuracy in the identification of the exemplars. An independent-sample t-test showed that this was a significant difference between YNH and EHI participants in terms of the training time required to reach 90% identification accuracy for the exemplar stimuli. The EHI participants needed significantly more training time than the YNH participants (t ϭ 2.75, p ϭ 0.02) to achieve this level of accuracy when identifying the three exemplar stimuli.
After learning to successfully identify (Ն90% accuracy) the exemplar stimuli, the listeners then proceeded to the classification or identification of all 27 stimuli. The generalized context model (GCM; Nosofsky, 1986 ) was used to predict performance in the categorization experiment. The GCM model is an exemplar model which assumes that exemplars of categories are stored in memory to represent these categories and the category decisions are made based on the similarity calculation between a probe stimulus and stored exemplars. The GCM, combined with the MDS solution, was used to calculate the attention weights participants placed in each of the cue dimensions in the classification task. The distances between different stimuli in the MDS space determines the similarity among those stimuli, which can be further modified by the selective attention a listener places on each of three cue dimensions. According to GCM, the likelihood that stimulus i will be placed in category J is found by summing the (weighted) similarity of stimulus i to all of exemplars of category J, multiplied by the response bias for the category. This likelihood is then divided by the sum of likelihoods for all categories to determine the conditional probability (GCM weight) that stimulus i will be classified in category J. The GCM weights range from 0 to 1 and must sum to 1.0. [For a full review of the GCM see Nosofsky (1986) .]
The GCM weights calculated for each participant across all three cue dimensions are shown in Figure  7 . In the GCM model, the percentage of variance accounted for by the best-fitting model (pcvar) is one of the values used to evaluate the goodness of fit. The higher the pcvar value, the better the fit. The GCM weights for 9 of the 10 YNH (8 participants' pcvar Ն95%; 1, pcvar ϭ 86%) and 10 of the 12 EHI participants (7 participants' pcvar Ն88%, 10 participants' pcvar Ն78%) were good fits to their classification data. Among these participants, as we can see from Figure 7 , seven YNH participants (subject 1 to 3, 6 to 7, 9 to 10) were frequency transition users (majority of their attention was allocated to the frequency-transition dimension) and two YNH participants (subject 4 and 5) were temporal gap users (majority of their attention was allocated to the temporal gap dimension). Similarly, eight EHI participants were frequency-transition users (subject 1 to 6, 8 to 9) and one EHI participant (subject 7) allocated attention to temporal gap and frequency transition dimensions. One EHI participant (participant 12), whose GCM weight was not as good as the nine EHI participants (pcvar ϭ 78%), was a temporal gap user. For 1 of the 10 YNH (subject 8, pcvar ϭ 69%) and 2 of the 12 EHI (subject 10, 11, pcvar ϭ 39%, 28%) participants, however, they had worse GCM fits. For those participants, the YNH participant (subject 8) allocated attention between the frequency-transition and temporal gap dimensions; 1 EHI participant (subject 10) was a frequencytransition user, and another (subject 11) allocated his attention to the frequency-transition and temporal-gap dimensions. In general, center frequency is the dimension to which the listeners in each group paid the least attention. Most individuals in each group focused their attention on the frequencytransition cue during the classification task. The salience of the formant transition is most likely caused by its importance in speech perception, although some other factors, such as the later temporal location (the second half of the stimulus) and longer duration (200 ms), might also have influence on the weightings (Whalen, 1991) .
To illustrate different cue weighting strategies used by listeners in the classification test, the classification results for two typical cue users from the EHI group are plotted in Figure 8 . When the 27 stimuli are ordered by frequency transition value along the x axis, subject 2's classification perfor-mance (top panel) reveals that classification decisions were determined almost exclusively by the frequency-transition cue, regardless of the value of the temporal-gap or center-frequency cues. On the other hand, the classification data from subject 12 (middle panel) do not have the same pattern. The classification results are more orderly for this participant when the 27 stimuli are ordered by temporal gap value along the x axis (bottom panel) than when ordered according to frequency transition (middle panel). To the right of each panel in Figure  8 , we can see that subject 2 paid most (almost exclusive) attention (GCM weight ϭ 0.99) to the frequency-transition dimension whereas subject 12 paid most attention (GCM weight ϭ 0.86) to the temporal-gap dimension. Therefore, subject 2 was a typical frequency-transition user whereas subject 12 was a temporal-gap user.
EXPERIMENT 4: TEMPORAL-GAP TRAINING Method
In this experiment, participants were trained to attend to the temporal-gap dimension. Five YNH and 11 EHI participants from the previous experiments completed this experiment. Another seven YNH participants were recruited for this experiment using the same criteria as other YNH participants from previous experiments. Therefore, a total of 12 YNH and 11 EHI participants participated in this experiment.
Since about 5 months had passed between the completion of the first three experiments and the beginning of this experiment, all returning participants from the previous experiments were required to redo the classification task from experiment 3 as a refresher. To expedite this refresher, fewer stimulus presentations (half, or 1080 stimulus presentations) and only an 80% exemplar-identification criterion (versus 90% in experiment 3) were used. However, all the new participants (seven YNH listeners) had to do the full-set of the identification and classification tasks as described previously in experiment 3 before completing this experiment.
After the refresher or the full versions of the classification task, all participants were trained on a subset of the 27 stimuli. A group of stimuli were again presented to participants as circle, triangle, or square. Here, however, participants were trained to label stimuli 1, 2, 3, 6, 7 as circle (10-ms gap); 10, 13, 14, 15, 17 as triangle (70-ms gap), and 20, 22, 25, 26, 27 as square (130-ms gap). The training stimuli were chosen based on their perceptual distance in the MDS space derived in experiment 2, as well as different combinations of values on the center-frequency and frequency-transition dimensions. The training stimuli were distributed evenly in the MDS space and contained all possible combinations of values from the other two cue dimensions. As a result, the only common denominator for each stimulus in each of the three categories for the exemplar stimuli was the temporal-gap dimension. Basing categorization responses on this stimulus dimension will optimize classification accuracy. The remaining 12 stimuli not used in training were used as test stimuli to assess the generalization of training to nontrained stimuli.
Training procedures were the same as those of the previous classification task in experiment 3. First, participants were familiarized with the stimuli and the exemplar training task in a familiarization session (3 repetitions ϫ 15 training exemplars ϭ 45 trials). After the familiarization, the exemplar training with trial-by-trial feedback was provided repeatedly until participants reached 80% identification accuracy. Unlike the previous classification task (experiment 3), however, participants needed to learn to label a group of stimuli, instead of one stimulus, as circle, triangle, or square in the exemplar training experiment. Again, they could learn to do so by directing their attention to the temporal-gap dimension, although they were not told explicitly to do this. Rather, they needed to learn to attend to this stimulus dimension through the trial-by-trial feedback received during exemplar training. Each participant had up to 2400 trials (8 repetitions ϫ 15 training exemplars ϫ 20 blocks) to achieve the criterion of 80% accuracy. If participants still could not reach that performance criterion after that, they would not be able to continue with the classification task. Feedback was provided in both familiarization and exemplar training tasks. Once participants reached the exemplar-identification criterion, they would continue with the classification task. In the classification task, participants were presented with all 27 stimuli in random order and required to classify each of them as circle, triangle, or square. No trial-by-trial feedback was presented. One exemplar training block was given at the beginning of each new test session as a refresher. A total of 2160 classification trials (4 repetitions ϫ 27 stimuli ϫ 20 blocks) were presented.
Results and Discussion
Since about 5 to 6 mo had passed between completion of experiment 3 and the initiation of experiment 4, as noted, "refresher" classification of the exemplar stimuli and full stimulus set was performed by the 11 EHI and 5 YNH listeners from experiment 3 who participated in experiment 4. This afforded an opportunity to examine the reliability of the GCM weights derived for 15 of the total 16 participants (one EHI subject dropped out before completing the "refresher" classification test in experiment 4). Two paired-sample t-tests were computed for the GCM weights for each of the three stimulus dimensions obtained in experiment 3 and at the beginning of experiment 4. There were no significant differences in GCM weights on any of the three dimensions (p Ͼ 0.05) for either group. Further, for both groups, the test-retest correlations were r Ͼ 0.90 for all three cue dimensions. Thus, these results suggest that the GCM weights derived in experiments 3 and 4 were reliable.
Most of the participants were successfully trained to allocate their attention to the temporal-gap dimension. One YNH and three EHI participants could not reach 80% accuracy during the exemplar training task after the maximum number of training trials (2400) and did not continue with the classification task. Another EHI participant dropped out of the project in the temporal-gap training phase. Therefore, a total of 7 EHI and 11 YNH participants completed and passed the temporal-gap training. For the seven EHI participants, originally six were frequency-transition cue users and one was a mixed cue user. For the 11 YNH participants, originally 8 were frequency-transition users and 3 were temporal-gap users.
The new GCM weights from the classification task for both YNH and EHI participant groups after the temporal-gap training were calculated and are shown in Figure 9 . Recall that only 7 of 10 EHI participants could actually be trained to shift their attention to temporal gap dimension and therefore completed the classification experiment. As we can see from Figure 9 , temporal gap is the dimension that was most heavily weighted by all participants. Comparing this figure to Figure 7 , we can clearly see the perceptual weighting shift from the frequencytransition cue to the temporal-gap cue for most of the participants. To verify the finding, two pairedsamples t-tests were performed, one for each group, on the GCM weights for the temporal-gap dimension obtained before and after temporal-gap training for those participants completing experiment-3 measurements (11 YNH and 7 EHI participants). Results showed that the weight assigned to the tempo-ral-gap dimension after the training was significantly higher than the weight obtained before training for both YNH (t ϭ Ϫ5.33, p ϭ 0.00) and EHI (t ϭ Ϫ6.87, p ϭ 0.00) participant groups. Likewise, there was a corresponding significant (p Ͻ 0.01) decline in the GCM weight for the frequency-transition cue in each group.
The number of blocks needed to achieve the training criterion (Ն80% classification) for the YNH and the EHI participants can be seen in Figure 10 . Note that although several older adults required an order of magnitude more training than younger adults, some still not achieving the performance criterion then, there were also some older adults who performed well within the range typical of YNH listeners. The median number of training blocks needed by the YNH participants was 1 (interquartile range of 1 to 1) and 17 (3 to 21) for the EHI group. Given the bimodal distribution of values for the EHI listeners in Figure 10 , the nonparametric MannWhitney U test was used to compare the values from the two groups. The Mann-Whitney U test revealed that there was a significant difference in the average number of blocks needed to reach training criterion between groups (U ϭ 17.0, p ϭ 0.00). Although there were differences between the two groups in the amount of training time needed to shift attention to the temporal-gap dimension, the distribution of training times was very wide for the EHI participants.
GENERAL DISCUSSION
The purpose of the present study was to investigate how YNH listeners and EHI listeners classify acoustic stimuli containing multiple speech-like stimulus dimensions. Results from experiment 3 showed that both YNH and EHI participants allocated the majority of their attention to the frequency-transition dimension when classifying these stimuli. The results from the YNH group for the first three experiments are consistent with those of Christensen and Humes (1997) , although the stimuli used in present study differ in some details from those used by Christensen and Humes (1997) . In addition, experiment 4 demonstrated that the GCM weights derived were reliable and that both YNH and EHI participant groups could be trained to focus their attention on a nonpreferred dimension (temporal gap). This latter finding also had been observed previously in YNH listeners by Christensen and Humes (1997) . In general, however, EHI participants needed significantly longer training time to shift their attention to a nonpreferred cue dimension with several remaining unable to do so after the maximum amount of training in this study (2400 stimulus presentations).
The classification results in experiment 3 suggest that EHI listeners do not weight the cues in these multidimensional acoustic stimuli differently than YNH participants. The majority of YNH and EHI participants alike allocated most of their attention to the frequency-transition dimension. Francis et al. (2000) found that the frequency-transition cue was also the preferred stimulus cue for YNH listeners for the identification of stop-consonants which were also differentiated by redundant spectral-tilt cues in the initial burst. Similar findings were obtained by Hedrick and Younger (2001) for YNH and spectrally shaped speech stimuli. However, as noted in the introduction, Lindholm et al. (1988) and Younger (2001, 2007) all reported differences in the weighting of cues between YNH and EHI listeners when using speech stimuli. The failure to observe group differences in cue weighting in the present study could be because of the use of nonmeaningful, nonspeech stimuli in this study. In addition, both Lindholm et al. (1988) and Younger (2001, 2007) manipulated acoustic cues which signaled the consonant portion of the CV syllables and listeners were asked to identify the consonant only. In the present study, however, participants were required to identify the stimuli as a whole using the three acoustic cues. This might be another reason that we failed to see group differences.
Recall, however, that, given the nature of the GCM classification task, a prerequisite was that listeners in this study had to be able to easily and roughly equally (Ն90% accuracy) discriminate stimuli differing by one value along each of the three stimulus dimensions. Therefore, it is possible that those EHI listeners who could not achieve the 90% criterion for discrimination of the frequency-transition cue (experiment 1), and were subsequently excluded from this study were, in fact, participants who had shifted their focus to other dimensions already and could not learn to discriminate the differences in frequency transition. As a matter of fact, as is shown in Figure 11 , at least one of the three excluded participants (Subject b) had more difficulty on average with the spectrally based cues (center frequency and frequency transition) than those 12 older adults who completed that portion of the study. In general, though, it does not seem that the three EHI participants who could not continue beyond experiment 1 were primarily temporal-gap users, with one possible exception (Subject b). On the other hand, for the two EHI participants who had minor difficulty (accuracy scores of about 80% instead of 90%) in discriminating one or two stimulus pairs and were retained as participants for the subsequent experiments, one of them was the only gap user among all the EHI participants (temporal gap weight ϭ 0.87) and another distributed her attention to all three dimensions while weighting the temporal gap dimension slightly more than others (temporal gap weight ϭ 0.61). Holt and Lotto (2006) examined the cue weighting of YNH participants for nonspeech stimuli varying in two acoustic dimensions: center frequency and modulation frequency. Their results suggested that, by manipulating the distribution statistics of the stimuli along the two acoustic dimensions, participants tended to change their weighting from a less informative dimension to a more informative dimension. This result is in accord with the phonetic trading theory of Repp (1982) . In the case of hearing loss, the distribution of acoustic cues available to hearing-impaired listeners might vary according to listeners' degree of hearing loss and the time course over which they have experienced the hearing loss. It is possible for EHI listeners to weight a cue dimension which is more informative to them (e.g., a cue dimension which is still audible given their hearing impairment) more heavily and give less weight to a less-informative or noninformative cue dimension (e.g., a cue dimension which is no longer fully audible because of the hearing loss). However, the results of our study do not support such an interpretation. For multidimensional acoustic stimuli with stimulus dimensions which are easily (and roughly equally) discriminable and fully audible, differences in the distribution of attention across stimulus dimensions between the YNH and EHI participants were minimal. This perceptual equivalence of the two groups is also supported by the overlap of the MDS spaces of the two groups and the distribution of INDSCAL weights for both groups in experiment 2. It needs to be emphasized that this kind of perceptual equivalence is conditional and based on the premise that both YNH and EHI groups could easily [P(c) Ն90%] and roughly equally discriminate all the stimuli. Indeed, our pilot data suggested that the EHI group, most likely because of their hearing loss, needed more salient cues to achieve good performance [P(c) Ն90%] in the discrimination task than the YNH group. In this study, we wanted to examine how older hearing-impaired adults would make use of multiple cues after years' of hearing loss when all the cues were roughly equally salient. This is a requirement for the eventual analysis of the results with the GCM. Therefore, to achieve this goal, it was necessary to equal- ize the performance in the discrimination task for both YNH and EHI groups as a reference point. This is a different question from asking whether use of multiple cues varies when they are not equally salient, as may be the case for naturally produced speech.
It is possible that the initial discrimination training enabled the EHI participants in this study to make better use of previously inaudible cues. To examine this possibility, we looked at the discrimination performance for both groups of listeners after the initial test and these data appear in Figure 12 . From Figure 12 , we can see that although the YNH group performed better than the EHI group in general, they significantly outperformed the EHI group in only one of the 12 discrimination conditions (tr12). Thus, there are no notable differences between the YNH and EHI groups in initial discrimination of adjacent steps along any of these three stimulus dimensions. It does not seem that there were initial performance differences, owing to the presence of high-frequency hearing loss in the EHI listeners, that were trained away to enable the EHI listeners to reach the criterion level of performance for this task. Furthermore, the discrimination test results showed that the frequency-transition cue was significantly better discriminated by both YNH and EHI groups. Given the fact that the frequencytransition dimension was the dimension that both participant groups attended to most, the correlations between participants' discrimination performance and their attention weights were examined. The results showed that there were moderate, but not significant, correlations (r ϭ Ϫ0.51, Ϫ0.33, 0.46; p Ͼ 0.05) between participants' discrimination performance in experiment 1 and their attention weights derived in experiment 3 for the three cue dimensions.
We further examined the ability of both groups to maintain their identification scores for the three exemplar stimuli during the classification task. Results showed that, on average, both groups maintained good identification for the three exemplars during the classification task (performance remained about 90% correct). Although the YNH group almost uniformly performed well (except one participant), there was relatively larger variation in classification performance for the three exemplars among the EHI participants. This same group of participants also showed considerable variation in the amount of training needed with the exemplars to achieve the criterion of 90% correct identification. Perhaps those EHI listeners who required the greatest amount of exemplar training to reach criterion at the beginning of experiment 3 were also the ones who had the most difficulty identifying these exemplars during the classification of the full set of 27 stimuli at the end of experiment 3. To examine this possibility, correlations were computed. Correlation analysis showed a strong and significant correlation (r ϭ Ϫ0.82; p ϭ 0.00) between exemplar training time needed to reach criterion and the accuracy with which the exemplars were identified among the full set of 27 stimuli. That is to say, the EHI participants who needed less training time to reach criterion performance at the beginning of experiment 3 also tended to better classify the three exemplars during the classification task; that is, they could better recognize the three exemplar stimuli among all 27 stimuli when no feedback was provided in the classification test.
Many EHI participants and most YNH participants could be trained to shift their attention to a generally nonpreferred cue dimension (temporal gap) in experiment 4. Specifically, five EHI participants, who originally were frequency-transition cue users, were trained to shift their attention or listener weights to the temporal-gap dimension (pcvar Ն91.80). Similarly, seven YNH participants, who originally were also frequency transition users, were trained to shift their attention to temporal gap dimension in experiment 4 (pcvar Ն88.86). Among the YNH listeners in that experiment, three were natural temporal gap users and, as expected, their attention weights on temporal gap dimension increased only slightly after the training (e.g., increased from 0.97 to 1.0, pcvar Ն86.07). The fact that several of EHI participants could be trained to shift their attention to a different cue dimension is noteworthy, even if substantially more time to do so was typically required. This suggests that auditory training could shape the way that EHI participants make use of multiple speech-like cues. In the case of speech, if EHI participants could learn to reallocate their attention to an available redundant cue uncompromised by aging or hearing loss, the loss of information caused by their hearing loss might be minimized. Therefore, if this kind of attention shift through training could also be demonstrated in real speech, it would suggest a possible approach to rehabilitation for the EHI population. Efforts by Francis et al. (2000) to train YNH listeners to focus their attention on a redundant spectral-tilt cue and away from the preferred frequency-transition cue when categorizing stop consonants, however, proved to be unsuccessful. This suggests that, changing an older hearing-impaired listener's cue-weighting strategy may have limited utility as an approach to rehabilitation with natural speech.
It should be noted that all of our older listeners had impaired hearing. Regardless of the substantial variation in the thresholds of different EHI listeners, the performance on the discrimination test and the GCM weights obtained after the exemplar training were not significantly (r Ͻ Ϫ0.54; p Ͼ 0.05) correlated to listeners' high-frequency pure-tone average (mean of pure-tone thresholds at 1000, 2000, and 4000 Hz). This is somewhat expected given the fact that all 27 stimuli were spectrally shaped to ensure sufficient audibility from 500 to 3000 Hz for all the EHI subjects. Our primary focus is on the use of cues once audibility had been restored for such listeners. As a result, however, it is not possible to attribute the group differences between young and older adults in this study exclusively to age, hearing loss, or the interaction of these two factors. Additional research with elderly normal hearing and young hearing-impaired listeners would be needed to better identify the factors underlying the observed differences in performance.
There is little question, however, that had this study been conducted without sufficient spectral shaping of the stimuli to ensure audibility then the attention directed to spectral cues would have been diminished. Clearly, unheard acoustic cues can not capture the listener's attention. As a result, the stimuli in this study approximate aided listening conditions in which the audibility of the stimuli has been assured. Under these conditions, both groups of listeners directed most of their attention to the frequency-transition dimension in the classification task.
